A study was conducted to explore the potential of quasihybrid rockets for advanced Earth-to-orbit applications. Thermochemical calculations were performed for three quasihybrid concepts: a liquid-hydrogen-injected solid rocket booster; a liquid-hydrogen-injected solid rocket booster with a solids composition change; and an aluminum/liquidhydrogen-slurry-injected solid rocket booster. With the current space shuttle solid rocket boosters as a reference point, calculations were conducted at a nominal chamber pressure of 4.233 MN/m2 (614 psia), and ideal expansion to an area ratio of 7.72.
Summary
A study was conducted to explore the potential of quasihybrid rockets for advanced Earth-to-orbit applications. Thermochemical calculations were performed for three quasihybrid concepts: a liquid-hydrogen-injected solid rocket booster; a liquid-hydrogen-injected solid rocket booster with a solids composition change; and an aluminum/liquidhydrogen-slurry-injected solid rocket booster. With the current space shuttle solid rocket boosters as a reference point, calculations were conducted at a nominal chamber pressure of 4.233 MN/m2 (614 psia), and ideal expansion to an area ratio of 7.72.
All three quasi-hybrid systems offer higher specific impulse when compared with the current theoretical performance of the space shuttle solid rocket boosters. Addition of liquid hydrogen to polybutadiene-acrylic acid-acrylonitrile (PBAN) solid propellant increases theoretical specific impulse by 42.6 sec so that 294.3-sec theoretical specific impulse is achievable when 23 wt % of the total propellant (solid plus liquid) is liquid hydrogen. To optimize performance, the aluminum loading in the solid propellant must be increased in proportion to the quantity of liquid hydrogen added. The shuttle solid rocket boosters currently use a PBAN solid propellant blend containing 16 wt % aluminum and 69.84 wt % ammonium perchlorate. When 23 wt % of the total propellant is liquid hydrogen; the solid propellant should contain 36 wt % aluminum and 49.84 wt % ammonium perchlorate for a maximum theoretical performance of 321.8 sec. As an alternate to varying solid propellant composition, an aluminumlliquid hydrogen slurry can be added to supply the additional aluminum required for optimum performance. Maximum theoretical specific impulse (325.9 sec) is achieved when 45 wt 5% of the total propellant is slurry and 50 wt % of the slurry is aluminum. This represents a 74.2-sec specific impulse improvement over PBAN solid propellant.
Additional calculations were conducted to estimate the thrust increase and required tankage volumes associated with the addition of liquid hydrogen or aluminum/liquid hydrogen slurry to space-shuttle-size solid rocket boosters. Tankage volume requirements are excessively large to achieve peak theoretical specific impulse. Vehicle constraints will limit fluid augmentations to a few weight percent, therefore limiting specific impulse advantages of the quasi-hybrid systems. Mission analysis is required to determine any actual
Introduction
The desire for alternatives to the current space shuttle solid rocket boosters has initiated interest in hybrid and pressurefed booster configurations for advanced Earth-to-orbit vehicles. An advanced hybrid system can potentially provide the performance increase necessary to reduce space shuttle main engine (SSME) 109 percent power level operation and offers the possibility for safe termination and shuttle abort during booster operation. Therefore a study was initiated to explore the potential of one type of hybrid rocket, the quasihybrid rocket, for advanced Earth-to-orbit vehicles. Thermochemical performance calculations for three quasihybrid rocket concepts and an evaluation of relevant safety and technology issues were conducted. The current space shuttle solid rocket boosters (SRB's) were used as a reference point for the study. This report presents the theoretical performance of three quasi-hybrid rocket concepts with corresponding thrust augmentation, fluid mass flow rates, and fluid tankage volumes required for space-shuttle-size boosters. The results of an evaluation of quasi-hybrid rockets for Earthto-orbit boosters based on important operational and safety characteristics are also presented.
There are many kinds of hybrid rockets just as there are many kinds of liquid propellant and solid propellant rockets. Hybrid rockets are categorized by whether the oxidizer or fuel is liquid and by the design configuration of the rocket. It should be noted that use of the term "hybrid rocket" in this report refers to a broad class of rockets which use a combination of solid and liquid propellants. Specific kinds of hybrid rockets such as conventional hybrid rockets, reverse hybrid rockets, and quasi-hybrid rockets, which are discussed in the text, will be identified, A conventional hybrid rocket uses a liquid oxidizer and solid fuel. The oxidizer is sprayed in at the head end of a solid cylindrical fuel grain and can be either a storable or cryogenic liquid depending on the specific impulse needed or other requirements of the application. When the fuel is a liquid and the oxidizer is a solid, the rocket is called a reverse hybrid. A liquid oxidizedliquid fuel/solid fuel rocket is called a tribrid. Finally, a solid oxidizer/solid fuel rocket augmented by a liquid fuel is called a quasi-hybrid rocket (ref. 1) . The four hybrid concepts are depicted in figure 1 . The concepts analyzed in this study are quasi-hybrid since they involve a conventional solid rocket motor which contains solid oxidizer and solid fuel augmented with a liquid fuel or a liquid plus solid fuel combination (slurry).
Hybrid rockets possess some of the advantages of both liquid and solid rocket engines, thereby offering a performance typically between the two. A high energy-density solid propellant, characterized by simple handling and desirable physical properties, can be employed with a liquid propellant which is easily regulated and offers the possibility of intermittent operation. The major advantages hybrid rockets can have relative to liquid or solid rockets include: low cost; propellant combinations offering good specific impulse and high density; the simplicity of the solid grain propellant systems; a liquid for regenerative cooling of engine parts under high thermal load; thrust modulation; the possibility of startstop-restart capability; and good storability traits (ref. 2) . These advantages are why hybrid rocket systems are beiig considered as alternatives to the solid rocket booster systems currently used with the Space Shuttle Space Transportation System (STS) .
Present experimental and developmental effort is being
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Ammonium perchlorate Aluminum Binder Curing agent Burning rate catalyst conducted in the field of hybrid rocketry. The American Rocket Company (AMROC) is developing its Industrial Launch Vehicle (ILV), a commercial expendable launcher, with 19 nearly identical hybrid rocket engines to place a 3000-lb payload into polar orbit or a 4000-lb payload into equatorial orbit. Three test flights of the ILV are planned for early 1988, and commercial launches will begin in late 1988 (ref. 3) . The Air Force Astronautics Laboratory (AFAL) initiated an experimental study in 1986 to demonstrate thrust augmentation of its 70-lb Ballistic Test and Evaluation System (BATES) motor by the injection of gaseous hydrogen. The tests are designed to evaluate the following: (1) the effect of residence time (head-end/aft-end injection) and particulate interaction on performance, (2) combustion instability with pulsed mode hydrogen injection, and (3) the feasibility of thrust vector control and reduced throat ablation rate (ref. 4) .
Quasi-hybrid rockets were of particular interest in this analysis since one potential near-term application is hydrogen augmentation of the space shuttle solid rocket boosters. However, quasi-hybrid rockets posses unique operational and safety characteristics compared to other types of hybrid rocket systems. Therefore an evaluation of safety and technology areas relevant to quasi-hybrid rockets was conducted in addition to thermochemical performance calculations in order to assess the practically of quasi-hybrid rockets for advanced Earth-to-orbit applications.
Three quasi-hybrid rocket concepts were considered in the study. volumes required to augment large solid rocket boosters for Earth-to-orbit applications. The three quasi-hybrid concepts are shown in figure 2. In concept 1 ( fig. 2(a) ) liquid hydrogen augments a solid rockets motors using PBAN solid propellant (polybutadiene-acrylic acid-acrylonitrile solid propellent. This is the same propellant used in the shuttle SRB's. Concept 2 ( fig. 2@) ) is similar to concept 1 except the aluminum-toammonium perchlorate ratio in the solid propellant is proportioned to optimize specific impulse of the quasi-hybrid rocket. In concept 3 ( fig. 2(c) ) an aluminum/liquid hydrogen slurry is added to the PBAN solid propellant motor. With this system more aluminum can be added to the combustion process to optimize specific impulse without having to change solid propellant composition.
For the analytical study, Gordon and McBride's Computer Program for Calculation of Complex Equilibrium Composition, Rocket Performance, Incident and Reflected Shocks, and Chapman-Jouguet Detonations (CEC computer program) (ref. 7) was used to generate specific impulse values for the candidate quasi-hybrid concepts over a range of propellant compositions. The program calculated these theoretical rocket parameters by assuming equilibrium composition during ideal expansion to an area ratio of 7.72 for a nominal 4.233-MN/m2 (614-psia) chamber pressure. In the analysis, the relative composition of the solid constituents was kept constant while the amount of liquid or slurry was increased. In this way the specific impulse of a quasi-hybrid rocket could be calculated as a function of the quantity of liquid or slurry added to a solid propellent motor. It must be noted that the performance values reported in this report are strictly theoretical and represent the maximum specific impulse thermochemically achievable from a perfectly expanded system. Actual specific impulse values will characteristically be 8 to 10 percent lower than theoretical after taking into account realistic losses caused by combustion inefficiencis, chemical kinetic effects, two-phase flow, nozzle divergence, boundary layer effects: and nozzle back-pressure (ref. 8). An analytical prediction of these losses was beyond the scope of this analysis.
Thermochemical Calculations
Thermochemicai caiculations were conducted by using the CEC computer program to determine the theoretical specific impulse for the three candidate quasi-hybrid concepts as follows: (1) liquid-hydrogen-injected solid rocket booster, (2) liquid-hydrogen-injected solid rocket booster with a solids composition change, and (3) aluminum/liquid-hydrogenslurry-injected solid rocket booster. The assumptions of this study were a shifting equilibrium composition and an ideal expansion from a nominal chamber pressure of 4.233 MN/m2 (614 psia) to an area ratio of 7.72. Chemical equilibrium was based on the minimization of Gibbs free energy of the chemically reacting system. The area ratio and chamber pressure used are characteristic values based on the space shuttle SRB's.
The range of propellant composition used in the CEC program to calculate the theoretical specific impulse of each quasi-hybrid concept is presented in appendix A. Variations in total propellant composition unique to each concept were made by attempting to simulate the performance of each quasihybrid system. For the liquid-hydrogen-injected solid rocket booster the PBAN solid propellant composition was maintained constant relative to the total (solid plus liquid) propellant composition. In the analysis of the liquid-hydrogen-injected solid rocket booster with a solids composition change, the aluminum-to-ammonium perchlorate ratio was varied while maintaining a constant binder, curing agent, and burning rate catalyst composition. Finally, with the aluminum/liquidhydrogen-slurry-injected solid rocket booster the PBAN solid propellant composition was maintained constant relative to the total (solid plus slurry) propellant composition. In addition, the ratio of aluminum to liquid hydrogen in the slurry was incrementally varied to establish the optimum specific impulse in terms of slurry quantity and composition.
The following sections of this report discuss the results of the analysis by addressing each quasi-hybrid booster concept individually. Figures 3 to 16 summarize the thermochemical results in terms of theoretical specific impulse, augmenting fluid mass flow rate and volume, and thrust. Specific impulse is a computed parameter of the CEC program. Augmenting fluid mass flow rate, tankage volume requirements, and thrust of a quasi-hybrid rocket comparable in size to a space shuttle SRB are calculated with the equations in appendix B and are tabulated in appendix C. Numerical values relevant to these equations are noted in figures 3 to 16 for easy reference.
Peak theoretical specific impulse values for all the quasihybrid concepts analyzed are compared to the specific impulse of PBAN solid propellant in table 11. Also given are the propellant compositions for peak performance. The quasihybrid rockets analyzed offer large specific impulse advantages over conventional solid propellant rockets and appear attractive based solely on specific impulse. However, the feasibility of quasi-hybrid rockets for large booster applications can not be judged solely on thermochemical performance. Vehicle constraints, safety concerns, and technology level must also be considered. This is the subject of further discussion in this paper.
Liquid-Hydrogen-Injected Solid Rocket Booster
A preliminary analysis was conducted to determine the best augmenting fluid for the quasi-hybrid rockets. Augmenting fluids considered were RP-1, propane, liquid methane, liquid oxygen, hydrazine, and liquid hydrogen. The CEC program was used to calculate theoretical specific impulse of a PBAN solid propellant rocket augmented by each liquid fuel as a function of the amount of liquid fuel added. Calculations were conducted for ideal expansion from a chamber pressure of 4.233 MN/m2 (614 psia) to an area ratio of 7.72. Figure 3 presents the peak theoretical specific impulse achievable by augmenting the solid rocket with each liquid fuel. 
Liquid-Hydrogen-Injected Solid Rocket Booster with a Solids Composition Change
The optimum solid propellant composition varies as liquid hydrogen is added to the system. Therefore, the second quasihybrid concept analyzed was a liquid-hydrogen-injected solid rocket booster with a solids composition change. A preliminary analysis was conducted to determine the optimum aluminum composition in a PBAN solid propellant. The aluminum content in the solid propellant was varied from 12 to 40 wt % while holding the binder, curing agent, and burning rate catalyst composition constant. Figure 8 shows the variation in specific impulse with aluminum content. Performance is optimized with 21 wt % aluminum in the solid propellant. Performance is slightly compromised with the solid PBAN propellant used in the shuttle SRB's which contains only 16 wt % aluminum in order to achieve desirable thermal and mechanical grain properties and facilitate processing of the propellant. Figure 9 shows the results of analysis on the liquidhydrogen-injected rocket with varying solids composition. The optimum aluminum content varies as hydrogen is added to the solid propellant. Peak theoretical specific impulse of 321.8 sec occurs when 23 wt % of the total propellant is liquid hydrogen and 36 wt % of the solid propellant is aluminum. Liquid hydrogen mass-flow rate and tankage requirements for the quasi-hybrid concept are shown in figures 10 and 11, respectively. For these calculations, the solids burning rate was assumed constant at the burning rate of PBAN solid propellant in the SRB's (0.366 inlsec). However, in actual application the burning rate is dependent on many variables including the time variation of the chamber pressure, the solid propellant composition, initial temperature of the propellant, velocity of the gas flow parallel to the burning surface, motor motion, combustion gas temperature, and motor configuration. Figure 12 shows the increase in thrust that results from augmenting the solid booster with liquid hydrogen and changing the density of the solid propellant by varying the aluminum content. It is clear from these figures that excessive tankage volumes are required for large Earth-to-orbit size boosters with liquid hydrogen augmentations of more than a few weight percent.
The performance calculations for this quasi-hybrid rocket were conducted by varying the aluminum and ammonium perchlorate content in the solid propellant while holding the binder, curing agent, and burning rate catalyst composition constant. An investigation was conducted to determine if such solid propellant compositions would be acceptably processable. The solid propellant is constrained by a minimum binder level for adequate processability to avoid a propellant mix that is too grainy or stiff. An empirical correlation has been developed which relates the relative volumes of solids and liquids in the propellant mix to the processability (ref. 9). Considering the binder, curing agent, and burning rate catalyst as liquids, and the ammonium perchlorate and aluminum as solids, the processability factor is stated in terms of the volume percent solid (WSJ or the solid-to-liquid (S/L) volume ratio as follows: 
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Values for the processability factor and processability criteria are shown in tables III and IV, respectively. By varying the aluminum content from 0 to 40 wt % and ammonium perchlorate content from 69.84 to 29.84 wt %, the processability factor ranges from 2.99 to 2.60. These values of the S/L volume ratio are defined as normal processability, and hence, are acceptable from a processability viewpoint. However, internal ballistic properties, mechanical properties, hazard properties and storage stability must also be considered when varying the grain composition of a solid propellant. 
Aluminum/Liquid-Hydrogen-Slurry-Injected Solid Rocket Booster
The third quasi-hybrid rocket concept analyzed was an aluminundliquid-hydrogen-slurry-injected solid rocket booster. Rather than changing solids composition to increase the aluminum content in the system, aluminum is added in slurry or gelled form with the liquid hydrogen. The aluminum could be suspended in the liquid hydrogen in fine particulate form as a colloidal suspension. In this way the bulk density of the augmenting fluid can be increased to conserve on tankage volume, and additional aluminum is supplied to the combustion process to optimize specific impulse. In addition, gelation of the aluminum in the liquid hydrogen could improve storage and handling, increase safety, and reduce evaporation of the cryogenic liquid propellant.
The results of thermochemical calculations conducted for the aluminum/liquid-hydrogen-slurry-injected solid rocket booster are shown in figure 13 . Peak theoretical specific impulse of 325.9 sec occurs when 45 wt % of the total propellant is aluminum/liquid hydrogen slurry and 50 wt % of the slurry is aluminum. Therefore, aluminum/liquid hydrogen slurry addition can increase the specific impulse of PBAN solid propellant by 74.2 sec. Aluminum/liquidhydrogen-slurry mass-flow rates and tankage volumes for augmentation of a SRB-size booster are presented in figures 14 and 15, respectively. Figure 16 shows the thrust increase resulting from slurry addition to the solid rocket booster. For large Earth-to-orbit boosters, tankage volumes become excessive with minimum slurry augmentation, regardless of the slight increase in bulk density.
Addition of aluminum metal to liquid hydrogen was considered in this analysis as a means of increasing the aluminum content in the combustion process of the quasihybrid rocket to optimize specific impulse. The metal addition also increases the bulk propellant density of the liquid hydrogen, thereby reducing tankage volume and structural mass. However, the concept of metallized propellant systems is not new to rocket propulsion. Metallized propellant systems were first investigated in the early 1960's after the potential advantages of increased propellant density, increased specific impulse, improved storage and handling, reduced evaporation, and improved safety compared to conventional liquid propellants were realized. However, significant efforts in the 1960's failed to resolve the many challenging technological problems associated with metallized propellant systems, and the concept was eventually abandoned as budgets for highrisklhigh-payoff propulsion technology began to diminish. A recent evaluation of metallized propellants considering current technology and applications is contained in reference 10.
The use of gel or slurry hydrogen is conceptually attractive for improving specific impulse and bulk propellant density of quasi-hybrid rocket systems, but the many technical challenges associated with metallized propellant systems still exist today. A reliable means to store, transport, and inject the metallized slurry or gel into the combustion chamber must first be developed. Particularly with slurries, the aluminum particles may settle out of the liquid hydrogen during storage or under high gravitational loads imposed by a particular mission. Gels exhibit good storage stability but are more difficult to transport since they are semisolid. Significant gel quantities may also be wasted because of residual deposits in tanks and propellant lines. The result of these slurry and gel storage problems could be a loss in vehicle performance and potential safety hazards. Abrasion and clogging would be a potential problem in the pipes, valves, and turbomachinery for the metal transport system. In addition a reliable metallized propellant injection system would be needed to ensure efficient mixing in the combustion chamber and prevent erosive burning of the solid propellant. The presence of additional metal in the combustion process alone will stimulate the burning rate of the solid propellant. Finally, the aluminum particles in the slurry or gel hydrogen must be extremely small and residence times in the combustion chamber large to minimize combustion inefficiencies and reduce two-phase flow losses. The impact of such performance losses have already been discussed. The aluninum/liquid-hydrogen-slurry-injected solid rocket booster is a novel approach to optimizing the performance of the quasihybrid system, but an advanced technology is required to make it practical and safe.
Discussion
The intent of this study was to assess the feasibility of quasihybrid rockets for advanced Earth-to-orbit vehicles. A necessary first step in evaluating any advanced propulsion concept is to conduct thermochemical performance calculations. The performance calculations have shown that quasi-hybrid rockets theoretically offer large improvements in specific impulse relative to solid propellant rockets when hydrogen is used as the augmenting fluid. The next step in evaluating an advanced propulsion concept is to determine any potential benefits derived from using the propulsion system in a particular vehicle application. In this process, physical constraints resulting from the requirements of the application must be considered. Calculations were conducted to determine liquid hydrogen tankage volumes required when using quasihybrid rockets for STS booster applications. These calculations showed that in actual application improvements in specific impulse are limited by constraints on vehicle size and mass due to the low density of liquid hydrogen. Specific impulse of a quasi-hybrid rocket increases with hydrogen addition, but so does the structural mass of the vehicle because of increases in (hydrogen) tankage volume. Mission analysis to determine any improvements in vehicle performance resulting from the use of quasi-hybrid boosters for an advanced STS booster was beyond the scope of this analysis. However, calculation of hydrogen requirements for such an advanced booster clearly illustrates that hydrogen additions are limited to only a few weight percent, and the advantages stemming from the peak theoretical specific impulse offered by the quasi-hybrid systems could not be practically realized.
Finally, in evaluating advanced propulsion concepts, the potential benefits in vehicle performance must be weighed against safety, cost, and technical considerations. Safety is a major reason why hybrid rockets are currently being considered for an advanced STS booster. Some types of hybrid rockets offer start-stop-restart capability which can potentially make them safer than the current STS solid rocket boosters. The quasi-hybrid rocket is the first logical system to be considered for an advanced STS booster because of the applicability of existing STS hardware. The current space shuttle SRB's could be made quasi-hybrid by hydrogen augmentation, drawing on the existing supply of hydrogen in the external tank. Changing the metal content in the solid propellant grain or adding a slurry of aluminum and liquid hydrogen could further increase performance with additional STS hardware modifications. The specific impulse advantages of such systems have already been discussed. However, the implications of such modifications on safety must be considered. It also remains to be determined whether quasihybrid rockets possess the safety advantage of start-stop-restart capability which is desired for the next generation STS boosters.
Critical technologies must also be considered in assessing propulsion concepts for advanced applications. The quasihybrid rocket combines many properties, characteristics, and technologies of solid propellant and liquid propellant rockets. However, the application of solid and liquid propellant technologies to hybrid systems remains virtually unexplored. There are also technologies that are unique to quasi-hybrid rocket systems which have never been investigated. Table V compares various structural components of solid propellant, liquid propellant, and quasi-hybrid rockets. The individual structural components of the quasi-hybrid rocket differ only slightly from those of either solid or liquid propeiiant rockets. The configuration, internal ballistic behavior, and mixing device would be unique to quasi-hybrid systems. Table VI lists some of the properties that characterize quasi-hybrid rockets and compares them with solid propellant and liquid propellant engines. The quasi-hybrid systems offer improved propellant density, a simpler design with only half the valves and regulating devices (hence lower cost), and potentially improved stability characteristics compared to liquid propellant rockets. Compared with solid propellant rockets, quasi-hybrid rockets offer advantages including improved specific impulse, the possibility for thrust vector control, a wider range of possible solid propellant regression rates, and some chance for combustion termination.
However, the quasi-hybrid systems also have unique disadvantages. For example, internal ballistic behavior (calibration and operating point constancy) and combustion efficiency currently represent problems with quasi-hybrid systems. It is important to realize that potential benefits derived from an advanced propulsion system are inconsequential if the propulsion system cannot satisfy the safety requirements of a particular application, cost for development or operation is unrealistically large, or if required technology cannot be developed. In this respect, safety, cost, and technology issues become more important than performance in assessing the feasibility of advanced propulsion systems for future applications. The discussion that follows is an evaluation of safety and technology areas relevant to quasi-hybrid rockets with emphasis on the use of such systems for advanced Earthto-orbit booster applications.
Specific Impulse and Propellant Density
Both specific impulse and propellant density must be optimized when selecting a propellant for a particular application. Quasi-hybrid rockets offer a range of specific impulse and bulk propellant density intermediate between solid and liquid propellant rockets. The specific impulse and propellant density for a particular application can be optimized by a suitable choice of solid and liquid propellants. However, quasi-hybrid rocket systems offer less flexibility in this respect than conventional hybrid rocket systems. This is because the choice of liquid propellants for quasi-hybrid systems is limited to those yielding improved thermochemical performance as compared with the solid propellant being used and those satisfying the requirements of the application. Hydrogen proved to be the only suitable choice of augmenting fluid for an advanced quasi-hybrid STS booster.
Safety Considerations
Safety is a primary consideration when evaluating any propulsion concept for a given application. An advanced propulsion system should not be considered a viable candidate if it cannot satisfy the safety requirements of the application, regardless of any performance advantages offered by the system. The quasi-hybrid rocket offers improved specific impulse compared to PBAN solid rocket boosters. However, the practicality of such systems for near-term Earth-to-orbit applications remains to be judged based on criteria other than performance.
The potential safety advantage of start-stop-restart capability is an important reason why hybrid rocket systems are currently being considered for advanced STS booster applications. In conventional hybrid rockets the solid and liquid propellants are in different physical states and are separately stored. Combustion termination is ensured by stopping the flow of liquid oxidizer to the solid fuel of the hybrid rocket. The rocket can be restarted by reinitiating the flow of liquid oxidizer and reigniting the propellants. In addition, since the solid propellant is entirely fuel (or oxidizer in the case of reverse hybrid rockets), cracks in the propellant grain can not generally endanger the engine as they would with all-solid propellant motors (ref.
However, these safety advantages over solid propellant rockets possessed by conventional hybrid rocket systems are not inherent with quasi-hybrid rockets. The reason for this is that the solid propellant in quasi-hybrid rockets contains both fuel and oxidizer. Just as with solid propellant rockets, quasihybrid rockets must be protected at all times from harsh environments which may subject them to shock or vibration, thereby causing premature ignition and uncontrolled combustion. Cracks in the solid propellant grain of quasihybrid rockets can result in erosive burning and endanger life just as with solid propellant rockets. Quasi-hybrid rockets can also have unique operational hazards not found with all-liquid or all-solid propellant rocket systems. For instance, head-end injection of the augmenting fluid into the solid propellant combustion chamber could create an uncontrollable localized solid burning and chamber pressure rise that would result in catastrophic failure. Inefficient mixing of the augmenting fluid, resulting in a fuel-rich flooded chamber, could also lead to catastrophic failure. Technology must be developed to control these and other critical operation problems in order to use quasi-hybrid rockets in practical application.
A final major limitation of quasi-hybrid rockets when considering them for manned booster applications is lack of reliable start-stop-restart capability. Combustion termination is not insured with quasi-hybrid systems by regulation of the liquid propellant because the solid propellant can bum independently of the liquid injection. The possibility of combustion termination and reignition of a quasi-hybrid rocket by regulation of the liquid propellant injection was investigated as part of this study. The results of this investigation, indicate that quasi-hybrid rockets have no practical safety advantage for start-stop-restart capability in advanced STS booster applications. (See the section Solid Propellant Combustion Termination and Reignition.) Therefore, although the specific impulse of quasi-hybrid rockets looks very promising compared with that of conventional solid propellant rockets, there are no apparent safety advantages. In fact the quasihybrid rocket concept may have some unique operational safety problems. Safety considerations would indicate that conventional hybrid (or reverse hybrid) rockets are a better choice than quasi-hybrid rockets to consider for advanced Earth-to-orbit boosters.
Liquid Injection
The injection of liquid into a quasi-hybrid rocket may be accomplished by two methods as illustrated in figure 17 . The fust method, head-end injection into the combustion chamber, represents the typical injection mode of conventional hybrid rockets. The augmenting fluid is injected directly into the core region of the solid propellant and participates in the combustion process. This method would be required for an aluminum/ liquid-hydrogen-slurry-injected quasi-hybrid rocket because the aluminum in the slurry must become involved in the combustion process. Efficient combustion of the aluminum to increase delivered specific impulse is realized only through a long residence time within the combustion chamber. Therefore, only small fluid additions can be practically used with head-end injection to ensure thorough combustion and to avoid potential crack development caused by cryogenic cooling of the solid propellant to its glass point.
The second injection method involves the circumferential injection of the augmenting fluid into a motor-cased reaction chamber downstream of the solid propellant. Augmentation by aft-end injection provides the possible advantages of thrust vector control (TVC), and throat cooling. Either injection method is applicable to liquid hydrogen augmentation of solid rocket boosters. However, with aft-end injection, regression rate of the solid propellant would be more controlled, and safety concerns associated with injection of the liquid into the solid propellant core would be eliminated.
In calculating liquid mass flow rates, tankage volumes, and thrust levels in the analysis of this report, an assumption was made that the solids mass flow rate (burning rate) remained constant with liquid augmentation. This assumption is good for the quasi-hybrid concepts with pure liquid (hydrogen) injection since aft-end injection could be assumed. However, for the quasi-hybrid concept with aluminumAiquid hydrogen injection, head-end injection would be required. In this case the assumption of constant solids burning rate can be satisfied by assuming a change in engine configuration (burning area and web thickness of the solid propellant in the booster) between the quasi-hybrid system and the all-solid system.
Ignition and Combustion Properties
Ignition and combustion in quasi-hybrid rockets are complex transient thermochemical processes. Ignition in quasi-hybrid systems occurs similarly as in conventional solid propellant (such as pyrotechnic ignition) would also be applicable to ignition of quasi-hybrid rockets. The start-up phase of a quasihybrid engine, which represents the transition phase between solid propellant ignition and the attainment of steady-state operation, can be envisioned to occur in several steps. Ignition of the solid propellant is followed by a pressure buildup in the combustion and reaction chambers until a quasi-steady operating point is attained. The liquid propellant valve is opened, and liquid is injected into the combustion or reaction chamber. Chamber pressure rises as the liquid propellant vaporizes and burns until the steady-state operating point is achieved.
Combustion processes in quasi-hybrid systems are highly dependent on the configuration of the rocket and can exhibit characteristics of both a conventional hybrid rocket and a solid propellant rocket. The method of liquid injection mainly influences which characteristics are dominant. Head-end or aft-end liquid injection can be used. In either case the injection ..,.,-L.,t" "..:+ :,... system is composed of hardware conforming more or less to the methods used with liquid rocket propellants. Quasi-hybrid systems with aft-end liquid injection exhibit combustion characteristics of solid propellant rockets. In quasi-hybrid systems hydrogen ideally acts strictly as a low-molecularweight working fluid which converts the combustion energy to thrust. Aft-end injection of hydrogen is more practical than head-end injection as long as energy exchange occurs efficiently in the reaction chamber. The combustion processes in quasi-hybrid rockets with headend injection are more complex than those associated with aftend injection. Little is known about combustion phenomena in quasi-hybrid rockets with head-end injection, but one might expect the combustion processes to exhibit characteristics similar to conventional hybrid rockets if significant quantities of augmenting fluid are involved.
Combustion in a hybrid rocket is quite different from that in a solid propellant rocket. The augmenting fluid, after having been turned into a mixture of droplets and gasified liquid as a result of its passage through the injector, streams through the combustion channel during the operating phase of the engine. The solid propellant is partly decomposed and evaporated (gasified) at the solid surface by convective (or convective plus radiative) heat transfer and diffuses inward toward the center of the combustion chamber. A boundary layer is formed above the surface of the solid propellant, and this layer is fed radially by the liquid entering from the central core and by gasified solid propellant. In the boundary layer the concentration of the augmenting fluid diminishes as one moves toward the surface of the solid. Likewise, the concentration of the solid propellant gases diminishes in the parts of the boundary layer farther removed from the surface of the solid. Figure 18 is a schematic representation of the combustion process. The boundary layer is subdivided into three stages of combustion. When the augmenting fluid is a liquid, the droplets pass right through the boundary layer and to form a premixed reaction zone. Since the droplets become heated as they pass through the boundary layer and tend to evaporate, a diffusion flame zone is formed above the premixed reaction zone. At a point where the ratio of oxidizerto-fuel concentration (O/F ratio) is on the fuel-rich side of stoichiometric, combustion occurs in a layer whose thickness is of the order of 10 percent of the boundary layer thickness. The rate of combustion is limited by the rate at which heat is transferred from the flame to the solid surface rather than by the chemical kinetics of the flame, except at very low pressures. Thus, the rate of combustion is limited by fluid dynamic processes rather than chemical kinetics, as is the case for classical solid propellants. The zone above the diffusion flame zone is a flow of gaseous hydrogen and other combustion gases. Given the continuous influx of material, the boundary layer is almost always turbulent. The thickness of the boundary layer tends to increase in the downstream direction, and in the case of a hollow cylinder it will fill the entire channel cross C G x e in{= direct c=ctact ,&Tit+ t+e e.Jqeratp,d s&d pp&fit section after about 5 diameters. After about 25 diameters, further combustion of the augmenting fluid is not achieved (refs. 1, 2, and 9). At this point, the unburned augmenting fluid simply acts to increase mass flow, exchange heat with the combustion products, and to further lower the average molecular weight of the exhaust products.
Quasi-hybrid rockets would be expected to exhibit combustion stability characteristics similar to solid propellant rockets. The combustion chamber of a solid rocket is acoustically softer than that of a liquid rocket. Acoustical damping occurs due to particulate damping by the solids present, among other things. It is interesting to note that aluminum addition therefore favorably influences combustion stability, and those systems with high metal loadings would be expected to exhibit the greatest stability (but the lowest combustion efficiency). The use of powdered metal fuel in solid propellants is credited with reducing, if not eliminating, problems of severe transverse oscillations in solid propellant rockets. For example, the addition of 2 to 5 wt % aluminum powder to a nonmetallized propellant has been effective in damping high-frequency (transverse) oscillations (ref.
2).
Finally, quasi-hybrid rockets, like conventional hybrid rockets, may exhibit a problem with low combustion efficiency because of the layered and multiphase structure of the flow in the combustion and reaction chambers. This is particularly true with quasi-hybrid systems which use head-end liquid injection. Mixing devices internal to the combustion chamber could be employed in an effort to improve the combustion efficiency. However, the technology to use such devices is currently undeveloped. Combustion efficiency is one factor that adversely influences performance and, hence, decreases the theoretical specific impulse values reported here. Experimental testing would be required to further explore this technology area and to study the combustion phenomena in quasi-hybrid rockets.
Internal Ballistic Behavior
Internal ballistic properties are those parameters that govern the burning rate and mass discharge rate of the rocket. They include the sensitivity of the burning rate of the propellant to factors such as propellant composition, grain temperature, chamber pressure, and gas velocity. Burning (regression or ablation) rate is the most important parameter when considering internal ballistic behavior, because it determines both the burning surface required for a given mass flow rate and the web thickness (i.e., the minimum thickness of the solid from the initial burning surface to the surface of the insulated liner of the casing) required for a given thrust duration. Burning rate for solid propellant rockets is a strong function of chamber pressure. The relationship between burning rate and chamber pressure is typically expressed as i. = a(P,)" where i. is the burning rate in inches per second, P, is the chamber pressure in pounds per square inch, a is an empirical constant influenced by ambient grain temperature, and n is the burning rate pressure exponent (empirically determinedj which describes the influence of chamber pressure on burning rate. For the space shuttle solid rocket boosters, which use PBAN solid propellant, the empirical constants have been determined to be a = 0.053344 and n = 0.30, corresponding to a burning rate of 0.366 in./sec at 614 psi. In addition to the strong influences of the solid propellant composition and geometry, temperature plays an important role. Combustion gas temperature affects chemical reactions, and the initial ambient temperature of the propellant grain prior to combustion influences burning rate. Quasi-hybrid rockets would be expected to have the same temperature dependency on burning rate as solid propellant rockets. Finally, combustion gas velocity and motor acceleration affect solid propellant burning rate. These factors tend to increase propellant burning rate after ignition and may lead to hazardous erosive (or localized) burning in the aft segments of the booster.
Clearly, quasi-hybrid rockets with aft-end liquid injection will exhibit internal ballistic characteristics of solid propellant rockets. However, the internal ballistic behavior of quasihybrid rockets with head-end liquid injection is difficult to determine because of lack of research in this area. One might expect the internal ballistic behavior to be similar to that of a conventional hybrid rocket if significant quantities of fluid injection are involved. In conventional hybrid and quasi-hybrid rockets with head-end injection, the liquid mass flow rate and configuration of the rocket will have the strongest influences on the internal ballistic behavior. The burning rate of a conventional hybrid rocket has many parameters but is primarily a function of pressure, temperature of the propellant grain, grain composition and configuration, liquid mass flow rate, and the liquid injection system. The prediction of burning rate and the avoidance of localized high burning rates (erosive burning), which can result in bum-through areas or excessive solid propellant slivers (propellant remaining or expelled through the nozzle at the time of web burnout), is very difficult with hybrid rockets (ref. 2) . For this reason the calibration (exact prediction of burnout with no residual propellant components remaining) and ability to maintain operating point constancy (constant solids regression rate) would be a problem with quasi-hybrid systems that use head-end injection.
The most important parameter governing the regression rate in hybrid systems is the mass flux per unit area, G (which is defined as the ratio between the mass flow rate ni and the free cross-sectional area A of the channel). In hybrid engines the mass flux per unit area plays much the same role as the combustion chamber pressure in solid propellant rockets. It represents the dominant factor in the description of the burning rate. Since propellant continually joins the flow along the channel axis of the combustion chamber, the mass flow rate increases as one moves downstream and G will assume different local values. A linear relationship exists for limited areas if one plots the burning rate against the mass flux per unit area on logarithmic paper. The following empirical law describing the relationship between the burning rate and G applies i. = kGa where k and (Y are experimentally determined constants. The burning rates of conventional hybrid rockets are characteristically about an order of magnitude smaller than typical all-solid propellant burning rates (ref. 9). Liquid injection also allows for a greater range of regression rates with any type of hybrid system than with all-solid propellant rockets.
Solid Propellant Combustion Termination and Reignition
A solid rocket booster in which combustion could be safely terminated would be safer than the current STS boosters and would allow for shuttle abort during operation. A primary advantage of conventional hybrid rockets is that combustion termination can be ensured at any time during engine operation. Conventional hybrid rockets have start-stop-restart capability because the solid propellant is entirely fuel. The liquid injection supplies the oxidizer, and termination of the liquid injection terminates combustion. Reignition commences when the liquid oxidizer is again introduced into the rocket. Combustion termination and reignition in reverse hybrid rockets is similar since the physical states of the fuel and oxidizer are simply reversed. However, combustion termination is not ensured with quasi-hybrid rockets because the solid propellant contains both oxidizer and fuel, and combustion can occur independently of the liquid injection.
Only in a quasi-hybrid rocket with head-end liquid injection might it be possible to terminate combustion during booster operation. Two scenarios can be envisioned. During nominal operation of the quasi-hybrid rocket, rapid depressurization might be accomplished by decreasing or stopping the liquid injection (safety blowout plugs are commonly employed in solid propellant rockets for combustion termination by rapid depressurization). Vehicle considerations limit the liquid injections in large Earth-to-orbit boosters to relatively small quantities, and the possibility of combustion termination by stopping the liquid injection seems remote. The other possibility is to increase the liquid injection in an effort to quench the combustion flame. Head-end liquid injection would be required to extinguish by this method. The internal ballistic problems associated with head-end injection have already been discussed. The safety hazards associated with expulsion of large unburned quantities of liquid hydrogen into the atmosphere also severely limit the practicality of this extinguishment method. However, both possibilities were investigated further in connection with hydrogen augmentation of PBAN solid propellant rockets.
Since early 1963, the injection of fluid into a solid propellant rocket motor to effect combustion termination has been investigated. Fluid extinguishment was considered in connection with mission abort systems for on-the-pad thrust termination of large solid propellant boosters (ref. In actual static tests, the space shuttle solid rocket booster incorporated a post-fire carbon dioxide (C02) quench system. Liquid C02 was injected through the igniter at the head-end and through a probe which was moved around on tracks into the nozzle (aft-end) after SRB burnout. Extinguishment occurred as described above. As a reference point to this investigation, the total C02 mass expelled for extinguishment was 20 884 kg (46 OOO lb) for 350 sec. The total flow was calculated as that required to cool the nozzle and all internal motor materials below their pyrolysis temperature (ref. 12). In actual mission abort applications, the quenching fluid injection time would be dramatically less than 350 sec. In turn, the total injected fluid mass (and volume flow rate) required to extinguish the solid propellant and prevent reignition would increase beyond 20 884 kg (46 OOO lb). Additionally, because of its reactivity, low density, and low heat of vaporization, liquid hydrogen is less effective as an extinguishing fluid than carbon dioxide. There are also major safety problems associated with extinguishment by this method in practical applications because of the possible expulsion of large unburned quantities of hydrogen into the atmosphere. It is clear that combustion termination in quasi-hybrid rockets by liquid hydrogen extinguishment is not a practical advantage.
Rapid depressurization. -The alternative to termination by fluid extinguishment is rapid depressurization. Combustion extinguishment by rapid depressurization may be accomplished by simply decreasing or stopping the influx of liquid hydrogen into the booster chamber. Combustion extinguishment occurs when there is sufficient heat loss within the solid propellant rocket booster system, created by a rapid pressure decay, that the burning rate approaches a zero steady-state level. The depressurization rate, final chamber pressure after depressurization, and amount of heat loss associated with the pressure decay determine whether extinguishment occurs. If the final chamber pressure is below the deflagration pressure of the propellant (the lowest possible pressure for steady-state burning) then combustion will be extinguished. For a final pressure that settles above the deflagration limit, two stable physical states are feasible. If there is insufficient heat loss, the solid propellant will continue to burn at a lower steadystate burning rate at the reduced pressure level. However, if the depressurization rate is fast enough to expel sufficient heat, burning will approach zero and combustion will be terminated (ref. 13) . The combustion process is quite sensitive to pressure decreases, and momentary combustion extinguishment has been observed at pressure decay rates nearly an order of magnitude lower than required to extinguish combustion permanently. Energy for reignition after momentary extinguishment results from a combination of residual heat in the propellant surface and the chamber gases. It has been observed that once combustion has been extinguished by a rapid pressure decrease, the propellant will not subsequently reignite in a low ambient pressure environment (refs. 14 and 15). Considering that the deflagration pressure of PBAN is less than atmospheric pressure and that liquid hydrogen augmentations are limited to relatively small quantities in practical application, the possibility of combustion termination by rapid depressurization seems remote. The quasi-hybrid rocket offers no clear advantage over the solid propellant rocket for start-stop-restart capability in Earth-to-orbit booster applications.
Alternate extinpishment methods. -Alternate extinguishment methods are available for combustion termination of rocket systems which use solid propellants. Extinguishment of the burning propellants can be initiated by using a chain charge (pyrocapsule) of an active explosive material with a regular speed of detonation to burst a compressed coolant upon the solid surface. The detonation force has to be calculated so that it supplies enough energy to the coolant particles to reach the burning surface, but is not destructive to hardware. The fast injection of a dust coolant (e.g., ammonium bicarbonate) into a combustion chamber forms a layer of subliming crystals over the surface of the fuel. Extinguishing with a pyrocapsule has several advantages. The combustion stopping system is compact and has a simple construction. There are no moving parts in it so it is relatively stable with respect to inertial forces (ref. 16 ). However, combustion can not be reinitiated after termination with a pyrocapsule.
Concluding Remarks
The purpose of this study was to evaluate the potential of quasi-hybrid rockets for advanced Earth-to-orbit booster applications. Specific emphasis was placed on assessing the practicality of quasi-hybrid rockets as replacements for the space shuttle SRB's. Hybrid booster systems are currently under consideration for advanced Earth-to-orbit boosters mainly because they offer higher performance than solid propellant rockets and have a potential safety advantage of start-stop-restart capability. The quasi-hybrid rocket, which is one type of hybrid rocket, is the first logical hybrid system to be evaluated for such application because of the applicability of existing space shuttle STS hardware. The space shuttle SRB's could conceivably be made quasi-hybrid by hydrogen augmentation, drawing on the existing supply of hydrogen in the external tank.
Thermochemical performance calculations were first conducted to predict the specific impulse advantages of quasihybrid rockets compared to PBAN solid propellant rockets. The performance calculations showed large improvements in specific impulse relative to PBAN solid propellant rockets when hydrogen is used as the augmenting fluid. Addition of extra aluminum to the combustion process by aluminum/liquidhydrogen-slurry addition or by increasing the metal content in the PBAN solid propellant can further improve theoretical performance. Calculations were then conducted to determine propellant requirements for a nominal mission by using the quasi-hybrid systems for Earth-to-orbit booster applications. Liquid hydrogen additions are limited to only a few weight percent before hydrogen tankage requirements become excessive. Therefore, the advantages stemming from the peak theoretical specific impulse offered by the quasi-hybrid systems could not be practically realized in advanced STS booster applications.
Finally, the feasibility of quasi-hybrid rockets for near-term Earth-to-orbit booster applications was evaluated based on operational and safety considerations. Quasi-hybrid rockets do offer some potential advantages over liquid propellant and solid propellant propulsion systems. Relative to liquid propellant rockets, quasi-hybrid systems offer design simplicity, lower cost, improved propellant density, and potentially improved stability characteristics. Advantages relative to solid propellant rockets include improved specific impulse, the possibility for thrust vector control, and a wider range of possible solid propellant regression rates.
However, quasi-hybrid rockets have some unique disadvantages. The conclusion reached from a complete review of relevant safety and technology areas was that quasi-hybrid rockets are an inappropriate choice for near-term Earth-toorbit booster applications. One reason is that quasi-hybrid rockets offer no apparent safety advantage for start-stop-restart capability, which is a primary requirement for an advanced STS booster. In fact quasi-hybrid systems possess some severe operational safety hazards. Quasi-hybrid systems also have internal ballistic problems in the areas of calibration, operating point constancy, and combustion efficiency.
As a recommendation for future study, a conventional hybrid rocket has more potential for an advanced Earth-to-orbit booster than a quasi-hybrid rocket. This type of hybrid rocket has reliable start-stop-restart capability and offers higher performance than conventional solid propellant rockets. In addition, conventional hybrid rockets use the much denser liquid oxidizer as the augmenting fluid rather than low density liquid hydrogen. Future efforts in the hybrid rocket area for advanced Earth-to-orbit booster systems with start-stop-restart capability and higher performance than solid propellant rocket boosters should focus on conventional hybrid rockets. 
Appendix B Calculation of Rocket Parameters Propellant Flow Rate
The flow rates of the augmenting fluid (denoted below as fluid), liquid hydrogen, or liquid hydrogen/aluminum slurry, were calculated from a ratio of augmenting fluid flow rate &fluid to total flow rate wtotal (i.e., weight fraction of augmenting fluid) as follows:
wfluid ---X = weight fraction of augmenting fluid The fluid flow rate is thus derived from the substitution of equation (2) 
